Brain-derived neurotrophic factor (BDNF) has trophic effects on serotonergic (5-HT) neurons in the adult brain and can prevent the severe loss of cortical 5-HT axons caused by the neurotoxin p-chloroamphetamine (PCA). However, it has not been determined whether BDNF promotes the survival of 5-HT axons during PCA-insult or facilitates their regenerative sprouting after injury. We show here that BDNF fails to protect most 5-HT axons from PCA-induced degeneration. Instead, chronic BDNF infusions markedly stimulate the sprouting of both intact and PCA-lesioned 5-HT axons, leading to a hyperinnervation at the neocortical infusion site. BDNF treatment promoted the regrowth of 5-HT axons when initiated up to a month after PCA administration. The sprouted axons persisted in cortex for at least 5 weeks after terminating exogenous BDNF delivery. BDNF also encouraged the regrowth of the 5-HT plexus in the hippocampus, but only in those lamina where 5-HT axons normally ramify. In addition, intracortical BDNF infusions induced a sustained local activation of the TrkB receptor. The dose-response profiles for BDNF to stimulate 5-HT sprouting and Trk signaling were remarkably similar, suggesting a physiological link between the two events; both responses were maximal at intermediate doses of BDNF but declined at higher doses ("inverted-U-shaped" dose-response curves). Underlying the downregulation of the Trk signal with excessive BDNF was a decline in full-length TrkB protein, but not truncated TrkB protein or TrkB mRNA levels. Thus, BDNF-TrkB signaling does not protect 5-HT neurons from axonal injury, but has a fundamental role in promoting the structural plasticity of these neurons in the adult brain.
The neurotrophin brain-derived neurotrophic factor (BDNF) has trophic effects on serotonergic neurons and thus is hypothesized to have a role in the treatment and /or pathophysiology of certain psychiatric disorders (Duman et al., 1997; Altar, 1999) . A dysfunction of the 5-HT system has been implicated in a number of psychiatric syndromes, including severe depression, anxiety, impulsive/aggressive behaviors, and suicide (Baumgarten and Grozdanovic, 1995; Hen, 1996; Mann, 1998) . Conventional treatments for many of these disorders augment 5-HT neurotransmission (Owens and Nemeroff, 1994; Fuller, 1996) while also increasing the endogenous expression of BDN F and TrkB (the signaltransducing receptor for BDN F) in the brain (Nibuya et al., 1995; Smith et al., 1997) .
BDN F influences the phenotype, structural plasticity, and perhaps survival of 5-HT neurons (Eaton et al., 1995; Mamounas et al., 1995; Siuciak et al., 1996) . For example, BDNF administration augments 5-HT metabolism Siuciak et al., 1996 Siuciak et al., , 1998 and stimulates serotonergic axonal growth in neocortex and spinal cord (Mamounas et al., 1995; Xu et al., 1995; Bregman et al., 1997) . The enhancement of 5-HT neurotransmission by BDNF potentiates several behaviors regulated by serotonin (Siuciak et al., 1994; Pelleymounter et al., 1995) and produces antidepressant effects in animal models of depression . While novel neurotrophin-based pharmacotherapies are being proposed to treat depression and other mental illnesses, little is known still about the nature or mechanism of BDNF effects on 5-HT neurons in the adult brain. We previously reported that chronic BDNF infusion in neocortex of adult rats prevents the loss of 5-HT axons caused by the neurotoxin p-chloroamphetamine (PCA); however, the mechanism for this effect was not clarified (Mamounas et al., 1995) . Serotonergic neurons were exposed to BDNF for a considerable duration both before and after PCA administration, yielding a dense plexus of 5-HT axons at the cortical BDNF infusion site. Systemically administered PCA causes a rapid degeneration of most 5-HT axons in the forebrain (Axt et al., 1994; Mamounas et al., 1995) by a mechanism proposed to involve toxic free-radical formation within the nerve terminal (Gibb et al., 1994; Colado et al., 1997) . Because BDNF can increase the activity of protective antioxidant enzymes in other free-radical injury models (Spina et al., 1992; Mattson et al., 1993 Mattson et al., , 1995 , one likely interpretation of our initial findings is that BDN F protects 5-HT axons from degeneration by PCA. On the other hand, a unique feature of PCA neurotoxicity is that the brainstem 5-HT soma and many proximal axons are spared by this toxin, allowing a limited amount of axonal regrowth to occur slowly over several months (Mamounas et al., 1992; Axt et al., 1994) . Thus, BDN F may not have prevented the PCA-induced degeneration of 5-HT terminals, but instead may have markedly stimulated the regenerative sprouting from the lesioned axons. In support of this prospect, BDNF has been shown to promote dendritic and axonal growth in the C NS (Cohen-Cory and Fraser, 1995; C abelli et al., 1995; McAllister et al., 1995) . Here, we exploited some of the unique features of the PCA-lesion model to determine whether BDNF protects 5-HT neurons from axonal injury by PCA or augments their regenerative sprouting after injury.
Our previous study suggested that the effects of BDNF on 5-HT neurons are mediated by TrkB (Mamounas et al., 1995) . The relative potencies of the different neurotrophins to promote 5-HT axonal survival /sprouting in the PCA-lesion model (BDNF Ͼ Ͼ neurotrophin-3 Ͼ NGF ϭ vehicle) paralleled their ability to activate TrkB in vitro (Bothwell, 1995) . To evaluate f urther the relationship between BDN F-TrkB signal transduction and 5-HT neuronal plasticity, we examined the in vivo regulation of Trk tyrosine autophosphorylation (reflecting Trk activation; Kaplan and Miller, 1997) by local BDN F administration in cortex.
MATERIALS AND METHODS
Animals. Adult male Sprague Dawley rats (225-250 gm at the start of the experiment; n ϭ 4 -14/treatment group) were group-housed with ad libitum access to food and water and treated in accordance with National Institutes of Health guidelines for animal care and use.
E xperimental paradigm. As outlined in Figure 1 , the temporal parameters of BDN F and PCA delivery were manipulated to determine whether BDN F prevents the PCA-induced degeneration of 5-HT axons or potentiates their regenerative sprouting after injury. Recombinant human BDN F (0.1-36 g /d; 0.25-0.5 l / hr; Amgen-Regeneron partnership) or sterile PBS (vehicle) were chronically inf used into the right frontoparietal cortex or dorsal hippocampus for 1-21 d, as described below. To lesion 5-HT axons in the forebrain, rats were administered one subcutaneous injection of D-L,PCA (10 mg / kg for animals with BDN F inf usions in the neocortex, 20 mg / kg for hippocampus; expressed as the free base; Sigma, St. L ouis, MO). A higher dose of PCA was used to lesion 5-HT axons in the hippocampus because a subset of the hippocampal 5-HT fibers are more resistant to the neurotoxic effects of PCA (cf., Mamounas et al., 1991) .
For experiments analyzing the effects of the duration of the BDN F inf usion on 5-HT axon density (see Fig. 6 ), treatment paradigms were modified slightly from that shown in Figure 1 D. To control for the potential influence of "post-PCA survival time" on the experimental outcome, 3 d BDN F (or vehicle) inf usions were started at 4 or 11 d after PCA administration (5-HT innervation evaluated at 7 or 14 d after PCA, respectively); 7 d BDN F/ vehicle inf usions were started at 7 d after PCA (5-HT innervation evaluated at 14 d after PCA); and 14 d BDN F/ vehicle inf usions were started at 4 or 7 d after PCA (5-HT innervation evaluated at 18 or 21 d post-PCA, respectively). Within either the 3 d or 14 d BDNF inf usion experiments, varying the post-PCA survival time before starting the BDN F inf usion did not lead to significant differences in 5-HT axon density (when expressed relative to the contralateral cortex; ANOVA, p Ͼ 0.05); therefore, these measures were collapsed for analysis in each inf usion-duration experiment. Likewise, vehicle measures were pooled because the outcomes did not differ significantly when varying the inf usion duration and /or post-PCA survival time.
BDNF administration. Under sterile conditions 4 -18 hr before surgery, the Alzet (Alza, Palo Alto, CA) pump/cannula ensemble was filled with BDN F or vehicle and stored in sterile PBS at 37°C until surgical implantation. Animals were deeply anesthetized with a ketamine (80 mg / kg, i.p.) and xylazine (7 mg / kg, i.p.) mixture or with chloral hydrate (400 mg / kg, i.p.) for subsequent surgical procedures. As described (Mamounas et al., 1995) , a 28 -30 gauge stainless steel cannula (Plastics One, Roanoke, VA) connected via PE50 tubing to an Alzet osmotic minipump (model 1007D, 2002 , or 2004 Alza) was implanted into the right frontoparietal cortex or dorsal hippocampus under stereotaxic guidance (coordinates for neocortex: 0.5 mm anterior and 2.5 mm lateral to bregma and 1.6 mm below the skull surface; for hippocampus: 3.8 mm posterior and 2.7 mm lateral to bregma and 4.0 mm below the skull surface). In cases in which the BDN F inf usion was terminated before sacrifice (protocols: Fig. 1C,E) , the PE50 tubing was cut and sealed close to the cannula hub attachment before removing the Alzet osmotic pump. For brief exposure times, BDN F was injected into the frontoparietal cortex via a Hamilton syringe with a 30 gauge blunt-tip needle (4 -12 g Figure 1 . Method of BDN F inf usion and experimental paradigms used to characterize the neurotrophic effects of BDN F on 5-HT axons in rat cortex. A, C annula placement in frontoparietal cortex; rectangle overlaying the inf used cortex depicts the location and orientation of subsequent photomicrographs. B-E, Treatment paradigms; the temporal parameters of BDN F (0.1-36 g/d) and PCA (10 mg / kg, s.c., one time) delivery were manipulated to determine whether BDNF protects 5-HT neurons from axonal injury by PCA or augments their regenerative sprouting after injury.
of BDN F in 1 l of sterile PBS inf used over a 10 min period), and animals were decapitated 3 hr later.
Evaluation of monoamine innervation and BDNF diff usion. Brain tissue was processed for immunocytochemistry as described (Mamounas et al., 1991 (Mamounas et al., , 1995 . To detect serotonergic fibers, free-floating coronal sections (30-m-thick) were incubated in antiserum directed against serotonin (5-HT; diluted 1:15,000; Incstar, Stillwater, M N), the serotonin transporter (SERT; 1:12,500; Incstar, or gift from Dr. Randy Blakely) or the 5-HT-synthesizing enzyme tryptophan hydroxylase (TPH; 1:5000; Sigma). The 5-HT transporter (SERT) is a large transmembrane protein localized to serotonergic axon terminals in the forebrain, and has been shown to be an excellent presynaptic, structural marker of 5-HT axons (Qian et al., 1995; Sur et al., 1996) . The catecholamine innervation was evaluated using an antibody against tyrosine hydroxylase (TH; 1:1500; Eugene Tech, Allendale, NJ). Bound Ig was visualized with the avidinbiotin-peroxidase method (Vector Laboratories, Burlingame, CA), using diaminobenzidine tetrachloride as the substrate, and the reaction product was intensified with either osmium (for 5-HT and SERT immunostained fibers), nickel (TH), or silver/gold (TPH). Cholinergic fibers were detected by acetylcholinesterase (AChE) histochemistry as described (Hedreen et al., 1985) . To delineate the area of BDN F diff usion, adjacent sections were immunostained with a turkey anti-recombinant human BDN F antibody (rhBDN F; 1:7500; Amgen).
A xon densit y anal ysis. Similar innervation patterns and densities in response to PCA administration and /or BDN F inf usions were obtained in neocortex when serotonergic fibers were immunostained for either 5-HT, SERT, or TPH. Detailed analyses of the serotonin innervation used 5-HT-and SERT-immunostained material: for the quantitative analysis (see Figs. 3, 5, 6 A, 8) , SERT-immunostained sections were used because of the slightly lower nonspecific background staining found with the SERT antibody; the dark-field photomicrographs (Figs. 2, 4 , 6B, 7) depict 5-HT-immunostained material.
Fiber density was quantified using a Z eiss microscope/ K S400 image analysis system. Axons were visualized using dark-field illumination at a magnification of 450ϫ (20ϫ objective), yielding excellent resolution of bright, well-delineated axons on a dark background. The microscrope field of interest was captured by a Sony CCD black and white video camera, and the image was contrast-enhanced by histogram stretching, followed by thresholding to convert to a binary image. A grid consisting of single pixels spaced 5 ϫ 5 m apart (in the x-by y-plane) was overlaid on the binary axon image. Axons intercepting grid points were counted and expressed per unit area of the region analyzed. For each animal, Fig. 1 B) ; 5-HT neurons were exposed to BDNF for a considerable duration both before and after PCA administration, yielding a dense plexus of 5-HT axons at the BDN F inf usion site in cortex (cannula tract in center). B, Intact; the normal 5-HT innervation in cortex of non-PCAlesioned, non-inf used rats. C, D, Protection (protocol , Fig. 1C) ; few 5-HT axons are spared when BDN F ( C) inf usions are limited to the 1 week period before PCA administration, and animals are killed 3 d after PCA (D, vehicle). E, F, Sprouting (protocol, Fig. 1 D) ; robust sprouting of prelesioned 5-HT axons is found when 2 week BDN F ( E) but not vehicle ( F) infusions are started 4 d after PCA. G, H, Persistence of sprouted axons (protocol, Fig. 1 E) ; once eliciting the 5-HT sprouting response with BDNF ( G), the sprouted fibers persist for at least 5 weeks after terminating the BDNF infusion (H, vehicle). Scale bar, 1 mm. measurements were taken from three coronal sections (instrument thickness setting, 30 m; postprocessing thickness, 21 Ϯ 0.7 m) spaced 360 m apart, with the center section at the level of the BDN F cannula tract. In each section, six different microscope fields (470 ϫ 620 m each) were analyzed within the area of BDN F diff usion in cortex, excluding the cannula tract and any damaged tissue immediate (within ϳ 0.1-0.2 mm) to the cannula. Adjacent sections immunostained for BDN F were used to delineate the area of BDN F diff usion (see Fig. 4 ). At higher magnification, a gradient of BDN F diff usion could be observed: an extremely dense central core of BDN F immunoreactivity extended ϳ1.0 -1.3 mm radially from the inf usion cannula (at the 4 -12 g /d BDN F doses), with a much paler rim of staining extending another 0.2-0.3 mm (Mamounas et al., 1995: see Fig. 5 ). For vehicle inf usions, selected fields were located within a 2-3 mm diameter area centered at the cannula tract (approximate area of diff usion for the 4 -12 g /d BDN F doses). For each animal, the same analysis was conducted in the contralateral cortex, with comparison fields "mirrored" across the midline. To assess the normal innervation density, 5-HT axon density was measured in the homologous cortex of intact (non-PCA-lesioned, non-inf used) animals.
Microdissection of BDNF-inf used corte x for Trk activation assays. At the end of the BDN F inf usion in cortex, rats were decapitated, and the brains were rapidly removed and chilled for 5 min in a semifrozen "slushy" of PBS. Rapidly and under ice-cold conditions, brains were placed in a calibrated brain blocker/slicer (Aster Industries, Pittsburgh, PA), and a 3-mm-thick coronal slab (centered around the BDN F inf usion site in the rostral -caudal direction) was cut and placed flat on an ice-chilled metal block. A chilled 3.0 mm diameter (I D) stainless steel tube (sample corer: Fine Science Tools, Foster C ity, CA) was centered over the BDN F cannula tract and lowered through the cortex. The cylinder of cortical tissue (ϳ21 mm 3 ) was gently expelled, immediately frozen on dry ice, and stored at Ϫ 80°C until used. Trk protein anal ysis. Trk tyrosine autophosphorylation was assayed as described (Kaplan et al., 1991a (Kaplan et al., ,b, 1993 . Briefly, lysates were prepared from fresh-frozen cortical tissue and then assayed for total protein (BCA reagent; Pierce, Rockford, IL). Samples were normalized to 1.0 mg total protein in a 1.25 ml final volume. An aliquot (18 g of total protein) was removed to measure BDN F levels by Western blotting using a rabbit anti-BDN F N-20 antibody (Santa Cruz Biotechnology, Santa Cruz, CA) as described (Smith et al., 1997) . Trk family proteins were immunoprecipitated with rabbit anti-panTrk 203 antibody which reacts with the catalytic isoforms of TrkA, TrkB, and TrkC, and then electrophoresed on 7.5% SDS-PAGE minigels. Protein blots were probed with mouse monoclonal anti-phosphotyrosine antibody 4G10 (Upstate Biotechnology, Lake Placid, N Y), and analyzed using an ECL chemiluminescence system (Amersham, Arlington Heights, IL).
To assay the total levels of catalytic TrkB protein (f ull-length; gp145 TrkB), the blots were stripped and reprobed with a rabbit anti-TrkB antibody (TrkB-out), and analyzed with ECL. The anti-TrkB antibody was generated to amino acids 45-60 in the extracellular domain of rat TrkB. Levels of the truncated isoform of TrkB (gp95 TrkB) were measured by re-precipitating the lysates with wheat germ lectin-agarose (WGA; Pharmacia, Piscataway, NJ). Because WGA binds the extracellular glycosylated residues of Trk, the residual Trk isoforms (e.g., truncated) in the lysates are collected; lysates were Western blotted and probed with the TrkB-out antibody as described above.
To quantif y Trk proteins, the samples to be compared (e.g., vehicle and different doses of BDN F; see Figs. 9, 10) were run on adjacent lanes on the same gel. During ECL, sheets of x-ray film were exposed to each blot for varying lengths of time. Films were scanned (UV P Image Store 7500), and optical densities within a band were quantified using N IH Image software, only using values within the linear range of the film. Using this approach, relative comparisons between the vehicle and BDN F were made, and the data are expressed as a percentage of the vehicle value.
Ribonuclease protection anal ysis for TrkB mR NA levels. RNA was extracted using RNA Friendswood, TX) following the manufacturer's recommendations. RNase protection experiments, using ϳ10 g of total RNA, were performed as previously described (Tessarollo et al., 1992) using the RPA kit (Ambion, Austin, TX). A TrkBspecific cDNA probe that spans nucleotides 698 -928 of the extracellular domain of the rat sequence was used to generate an antisense RNA probe which detects all TrkB isoforms in the RNase protection analysis. The GAPDH-specific probe (Ambion) was included in the same reaction mixture as a means of assessing relative levels of RNA present in each hybridization. Because GAPDH mRNA levels did not differ significantly across treatment groups in this study, the results are expressed as the ratio of TrkB to GAPDH mRNA levels.
Statistical anal ysis. The statistical significance of changes in 5-HT axon density or Trk biochemical measurements was assessed by a one-or two-factor ANOVA. The 5-HT axon density data (Fig. 3B) were analyzed with a two-factor (BDN F inf usion ϫ side of cortex) ANOVA with repeated measures on side of cortex. In the case of significant main effects or interactions, post hoc comparisons were performed using the Newman -Keuls multiple range test or by using the Bonferonni test for a Figure 3 . The density of serotonin axons (SERT-immunoreactive) in frontoparietal cortex of PCA-lesioned animals and expressed as a percentage of the normal density found in the homologous cortex of intact animals. A, The normally slow reinnervation of cortex by 5-HT axons after PCA administration, as determined in the contralateral cortex of vehicle-and BDN F-inf used animals (the two measures were not significantly different at any time point, and were thus collapsed for presentation). B, Effects of vehicle or BDN F inf usions (12 g/d) on PCA-lesioned 5-HT axons (measured locally at the inf usion site), as investigated in the following treatment paradigms: Protection (protocol, Fig. 1C ; leftmost set of histograms); Sprouting (protocol, Fig. 1 D) where 2 week BDNF inf usions were initiated at 4 d or 4 weeks after PCA administration (center two sets of histograms, respectively); and Persistence of sprouted axons (protocol, Fig. 1 E) at 5 weeks after terminating the BDNF infusion (rightmost set of histograms). Gray histogram bars, The contralateral cortex of vehicle-and BDN F-inf used animals (the two values were not significantly different in any treatment paradigm, and were thus pooled); white bars, vehicle inf usion in the ipsilateral (right) cortex; black bars, BDN F inf usion. In all treatment paradigms, the 5-HT axon density was higher in the BDN F-inf used cortex relative to the vehicle-infused and contralateral cortex (ANOVA followed by the Newman -Keuls multiple range test, p Ͻ 0.05), whereas the control conditions did not differ significantly ( p Ͼ 0.05).
priori comparisons of dose -response relationships (see Figs. 5, 9B) . Significance levels were accepted at p Ͻ 0.05.
RESULTS

BDNF treatment fails to protect most 5-HT axons from PCA-induced degeneration
Serotonin axons are normally found at high densities throughout the forebrain, including the neocortex (Fig. 2 B) . Subcutaneous administration of the amphetamine neurotoxin PCA (10 mg/kg, one time) caused a rapid (by 3 d) and severe loss of 5-HT axons throughout the forebrain, an effect that was seen when using several different markers of 5-HT axon viability including immunostaining for serotonin itself (Fig. 2 D) , TPH (the synthesizing enzyme for serotonin; data not shown) or the serotonin transporter (SERT; Fig. 3A ). To determine whether BDNF could protect 5-HT axons from PCA-induced degeneration, chronic intracortical inf usions of BDN F (12 g/d) were started 1 week before PCA administration and terminated 1 d after PCA (protocol, Fig. 1C ). An evaluation of the 5-HT innervation 2 d later (3 d after PCA) revealed only minimal sparing of 5-HT-, TPH-or SERT-immunostained serotonergic axons in the cortical area immediately adjacent to the BDN F inf usion cannula (25 Ϯ 6% of the intact density; Fig. 3B, Protection) . Although the density of 5-HT axons was statistically higher in the BDN F-inf used cortex relative to the vehicle-inf used or contralateral cortex ( Fig. 3B ; ANOVA, F (1,7) ϭ 16.9; p Ͻ 0.005), the spared 5-HT axons were highly localized to within a radius of 0.3-0.5 mm from the BDNF infusion cannula (Fig. 2C) . Since the 12 g/d dose of BDNF diffuses ϳ1.5 mm radially from the inf usion cannula (Mamounas et al., 1995) , the neuroprotective effects of BDN F for 5-HT axons did not extend peripherally throughout the entire area of BDNF diffusion in cortex.
BDNF stimulates the sprouting of PCA-lesioned 5-HT axons in cortex
In the contralateral and vehicle-inf used cortex (and other non-BDNF-inf used cortical areas), we observed a slow, but incomplete sprouting response from the PCA-lesioned 5-HT axons, occurring over the 3-53 d after PCA administration (the range of post-PCA survival times used in this study; Fig. 3A) . Although there was a partial recovery of the 5-HT axon density in the non-BDN F-inf used cortex between 3 d (9 Ϯ 2% of the intact control; see also, Fig. 2 D) and 53 d (45 Ϯ 2% of intact; Fig. 2 H) after PCA administration, the normal 5-HT innervation density was not restored up to 1 year after treatment with PCA (data not shown; Mamounas et al., 1992; Axt et al., 1994) .
To determine whether BDN F treatment could facilitate this slow, partial 5-HT sprouting response in cortex, 2 week BDNF infusions were initiated at various times after PCA administration (protocol, Fig. 1 D) . BDN F inf usions (0.4 -12 g/d) markedly stimulated the sprouting of the lesioned 5-HT axons when the infusions were started at 4 d (Figs. 2 E, 3B , 4, 5; ANOVA, F (1,15) ϭ 26; p Ͻ 0.0001), 1 week (Fig. 6 A; ANOVA, F (3,14) ϭ 101; p Ͻ 0.0001), or even 4 weeks ( Fig. 3B ; ANOVA, F (1,13) ϭ 92; p Ͻ 0.0001) after treatment with PCA. The sprouted 5-HT axons were highly localized to the area of BDN F diff usion in cortex (Fig. 4) ; as assessed by qualitative examination, cortical areas further than ϳ1-2 mm from the BDN F inf usion site did not exhibit a higher density of 5-HT axons when compared to the contralateral cortex. Importantly, once having induced 5-HT axonal sprouting with BDN F (protocol, Fig. 1 E) , the sprouted fibers persisted in cortex for at least 5 weeks after terminating the BDNF infusion (Figs. 2G, 3B , Persistence 5w post BDNF; ANOVA, F (1,15) ϭ 426; p Ͻ 0.0001).
At the higher BDNF doses (e.g., 4 -12 g/d), the sprouted 5-HT axons were concentrated along the perimeter of the area of BDNF diffusion in cortex (i.e., at the peripheral edge of the dense central core of BDNF immunoreactivity and extending into the paler outer zone of BDNF staining; see Materials and Methods); much lower densities were found closer to or further away from the infusion cannula (Figs. 2 E, 4) . This zone of maximal sprouting may have represented an optimal concentration of BDNF for effects on 5-HT axons; thus, the higher BDNF concentrations found close to the infusion cannula (White and Schwartz, 1994) may have limited the sprouting response. To test this possibility, we examined the dose-response profile for BDNF (0.1-36 g/d) to stimulate 5-HT axon sprouting in cortex (protocol , Fig. 1 D; 2 week BDNF infusions were started 4 d after PCA). As predicted, the dose-response profile for BDNF effects on 5-HT axons displayed an inverted-U-shaped curve: BDNF infusions began to stimulate 5-HT axon sprouting at the 0.4 g/d dose (Figs. 4 A, 5) , reaching a maximal response at the 4 g/d dose (Figs. 4 E, 5) ; there was a decline in the response to BDNF at the higher doses (12-36 g/d; Figs. 4G, 5).
The duration of the BDNF infusion (4 g/d for 3-14 d; Fig. 6 ) was also a significant factor in the magnitude of the 5-HT axonal sprouting response in neocortex. Three day infusions of BDNF failed to increase the density of 5-HT axons above control levels. One week BDNF infusions only partially stimulated the sprouting of the PCA-lesioned serotonergic axons, whereas more potent effects were seen with 2 week BDNF infusions.
BDNF-stimulated 5-HT axon sprouting in the hippocampus: tropic or trophic influences of BDNF on serotonergic neurons?
Because most areas of neocortex have a relatively uniform distribution of 5-HT axons across cortical layers (Fig. 2 B) , it was difficult to evaluate from the neocortical experiments whether BDNF influences the direction of 5-HT axonal growth, perhaps redirecting the fibers to inappropriate target areas (tropic effect), or increasing axonal arborization and/or elongation within the appropriate termination zones (trophic influence). In contrast to the neocortex, the hippocampus has a more heterogeneous distribution of 5-HT fibers across its laminae ( Fig. 7A ; Lidov et al., 1980; Mamounas et al., 1991) , allowing a better analysis of the nature of BDNF influences on the serotonergic innervation in this structure. After lesioning most of the hippocampal 5-HT fibers with PCA (Fig. 7C) , BDNF infusions in hippocampus (4 g/d for 2 weeks, initiated 1 week after PCA; protocol, Fig. 1 D) caused robust sprouting of 5-HT axons locally in the area of BDNF diffusion (Fig. 7D,F,H ) ; vehicle infusions had minimal effects on 5-HT axons in this structure (Fig. 7B) . Within the BDNF-infused regions of hippocampus, the pattern of reinnervation by 5-HT fibers was reminiscent of the normal 5-HT innervation pattern found in the intact hippocampus (Fig. 7A) . Thus, in the presence of BDNF, the sprouting axons ramified extensively in their normal termination zones -including stratum oriens and stratum radiatum of CA3 (Fig. 7H ) and CA1 (Fig. 7D,F ) , stratum lacunosum of CA1 (Fig. 7D,F ) , and in the molecular layer and polymorphic zone of the dentate gyrus (Fig. 7D,F ) . In contrast, the presence of exogenous BDNF protein failed to entice the regrowing 5-HT fibers to enter into the stratum lucidum of CA3 (i.e., the mossy fiber termination zone; Fig. 7D-I) , an area normally devoid of 5-HT axons in the intact hippocampus (Fig. 7A ).
In fact, there was often a sharp line of demarcation between the robust sprouting found in some terminal fields and the lack of sprouting within the neighboring stratum lucidum, despite the diffusion of BDN F to this layer (Fig. 7E,G,I ).
Transmitter specificity of BDNF-stimulated sprouting in the intact cortex
Our previous study showed that BDN F inf usions cause robust sprouting of intact (non PCA-lesioned) 5-HT axons in neocortex (Mamounas et al., 1995) . To investigate whether BDNF can stimulate axon sprouting from other populations of uninjured subcortical neurons with axonal projections to cortex, BDNF was chronically inf used (4 g/d for 18 d) in frontoparietal cortex of intact rats, and the densities of serotonergic (SERTimmunoreactive), catecholaminergic (TH-immunoreactive) or cholinergic (by AChE histochemistry) fibers were measured in the BDNF-infused cortex. BDNF infusions increased (by 37 Ϯ 4%) the density of 5-HT axons above the normal levels found in the vehicle-infused or contralateral cortex ( Fig. 8 ; ANOVA: F 1,12 ϭ 36, p Ͻ 0.0001), but failed to increase the densities of either catecholaminergic or cholinergic axons above normal ( p Ͼ 0.05).
BDNF infusions stimulate Trk activation in cortex
To evaluate the relationship between the cortical plasticity described here and BDNF-mediated TrkB signaling events, the present study examined the in vivo regulation of Trk tyrosine autophosphorylation (reflecting Trk activation) by chronic BDNF infusion in neocortex. After BDNF administration, the cortical tissue surrounding the BDNF infusion cannula tip [ϳ(3 mm) 3 ] was microdissected, and Trk activity was assayed as described in Materials and Methods. BDNF administration in cortex markedly stimulated Trk tyrosine phosphorylation (Trk P-tyr) above basal or vehicle levels when assayed 3 hr after a single injection of BDNF (4 or 12 g; Fig. 10 A) or after chronic inf usion of BDNF for 24 hr (0.4 -12 g/24 hr; Fig. 9 ) or 7 d (4 g/d; Fig. 10 B) . Like the highly localized 5-HT sprouting response described above, Trk activity was maximally induced at the BDN F inf usion site (within the 3 mm diameter cylinder of cortical tissue centered at the inf usion cannula), with a much lower Trk P-tyr signal (and correspondingly lower exogenous BDN F protein levels) found in more distant cortical samples (cylinders located 2-5 mm from the BDNF inf usion cannula; data not shown).
Dose-response profile for BDNF to stimulate Trk t yrosine phosphor ylation
By 24 hr of continuous inf usion, BDN F protein levels (by immunoblots) had reached steady-state levels in cortex, when compared to longer inf usion times (Figs. 9, 10 B) . With 24 hr BDNF infusions into the cortex of intact animals, the dose -response profile for BDN F to stimulate Trk activity (Fig. 9) was remarkably similar to the dose -response profile shown above for stimulating cortical 5-HT axon sprouting (Figs. 4, 5) . The induction of Trk P-tyr in cortex began at the 0.4 g/d dose of BDN F, reached a maximal level at 4 g/d, and declined at the 12 g/d dose ( Fig. 9 ; ANOVA, F (6,39) ϭ 45; p Ͻ 0.0001, followed by the Bonferonni test for individual dose comparisons). Because of the nearly identical dose -response profiles for the inf used BDN F to stimulate Trk P-tyr and 5-HT axon sprouting, we next examined whether the Trk P-tyr signal emanated primarily from the 5-HT axons in cortex. However, after lesioning most 5-HT axons in cortex with PCA, there was not a significant loss of Trk P-tyr at any dose of BDN F tested (0.4 -12 g inf used over 24 hr, at 1 week after PCA administration) when compared to intact animals ( p Ͼ 0.05; Fig. 9A ). Thus, the major portion of the Trk P-tyr signal in response to BDN F arises from the target field (e.g., cortical neurons/glia, other innervating axons in cortex); even so, Trk signaling may occur in the 5-HT terminals as well, but below the level of detection in our assay (because the 5-HT axons comprise but a small fraction of the total neuropil in cortex).
Regulation of total TrkB protein by chronic BDNF inf usions
To explore the mechanism for the downregulation of Trk activity at the higher BDNF doses (Fig. 9) , we examined the regulation of total TrkB protein and mRNA by chronic BDNF infusion for 1 d (Fig. 9 ) or 7 d (Fig. 10 B, Table 1 ) in the neocortex. In parallel with a reduced Trk P-tyr signal, a 1 d infusion of BDNF at the 12 g/d dose, but not at the lower doses (0.1-4 g/d), produced a downregulation of full-length TrkB protein (gp145; catalytic) levels relative to vehicle or naïve controls ( Fig. 9 ; ANOVA, F (6, 42) ϭ 3.9; p Ͻ 0.005, followed by the Bonferonni test for individual dose comparisons). An intermediate dose of BDNF when infused for a longer duration (4 g/d for 7 d) also caused the concurrent downregulation of Trk P-tyr and full-length TrkB protein levels A, SERT axon density was measured at the BDNF infusion site and expressed as a percentage of the density in the contralateral cortex (noninf used but PCA-lesioned). Treatment paradigms are described in Materials and Methods (E xperimental paradigm). *p Ͻ 0.05, relative to the vehicle-inf used and contralateral cortex (ANOVA followed by the Newman -Keuls multiple range test). B, Dark-field photomicrograph of 5-HT-immunoreactive axons after a 1 week BDN F inf usion (4 g/d; initiated at 7 d after PCA administration) in cortex. The effects of vehicle and 2 week BDN F (4 g/d) inf usions on 5-HT axons (using a similar treatment protocol) are shown in Figures 2 F and 4 E, respectively. Scale bar, 0.5 mm.
in the cortex. Thus, after a 7 d infusion of BDN F at 4 g/d, the Trk P-tyr signal was still elevated relative to vehicle controls (Fig.  10 B, Table 1 ), but was lower than after a 1 d infusion of the same daily BDN F dose (Fig. 9) . Accompanying this durationdependent decline in Trk activity was a reduction in f ull-length TrkB protein levels occurring after a 7 d (Fig. 10 B, Table 1 ), but not 1 d (Fig. 9) , BDN F inf usion at the 4 g/d dose. We observed a marginal reduction in truncated (gp95) TrkB protein levels with 7 d BDNF (4 g/d) inf usions (Fig. 10, Table 1 ; p ϭ 0.08). The reduction in f ull-length TrkB protein levels caused by 7 d BDNF infusions was not associated with a reduction in TrkB mRNA levels (Table 1 ; p Ͼ 0.05).
DISCUSSION
Our results indicate that chronic BDNF infusion (at doses as low as 0.4 g/d for 1-2 weeks) in 5-HT terminal fields of frontoparietal neocortex or hippocampus markedly stimulates the regenerative sprouting of 5-HT axons previously lesioned by PCA. Unexpectedly, we found that BDNF treatment fails to protect most 5-HT axons from PCA-induced degeneration. Because BDNF can also elicit sprouting from uninjured (non-PCA-lesioned) 5-HT axons, but not catecholamine or cholinergic fibers, our findings suggest that BDN F has a trophic role in promoting serotonergic axonal growth and remodeling in the adult brain.
After ablating most 5-HT axons with PCA, BDN F infusions rapidly stimulate the sprouting of the lesioned or residual 5-HT axons, leading to a complete recovery of the innervation at the cortical BDNF infusion site. The ability of BDNF to elicit 5-HT sprouting is not restricted to a narrow "critical period" after axonal injury: BDNF treatment can markedly stimulate the regrowth of 5-HT axons whether initiated shortly after PCA administration (at 4 -7 d) or up to a month after neurotoxin treatment. Importantly, once eliciting 5-HT sprouting with BDNF, the sprouted fibers persist in cortex for at least 5 weeks after terminating exogenous BDNF delivery. This contrasts with an NGFinduced expansion of the peripheral sympathetic innervation in the hippocampus or along brain vasculature that is completely reversed within 1-3 weeks after terminating exogenous NGF administration (Isaacson and Crutcher, 1995; Conner and Varon, 1996) . Unlike the aberrant sympathetic sprouting in the hippocampus, the regenerating 5-HT axons reinnervate their normal target fields and thus may form stable local interactions (e.g., via synapses, endogenous trophic support mechanisms) that sustain the newly formed axons after removal of exogenous BDNF.
In contrast to the remarkable sprouting response elicited by BDNF, we found that BDNF treatment only minimally protects 5-HT axons from PCA-induced degeneration. Moreover, because 5-HT neurons were chronically exposed to BDNF for 1 week before PCA administration (protocol, Fig. 1C ), it is possible that the few "surviving" 5-HT axons (found immediately adjacent to the BDNF infusion cannula) represent not "protection", but an accelerated sprouting reaction from the injured axons during the 3 d after PCA. Although the direct application of BDNF to 5-HT Figure 9 . The dose-response profile for BDN F inf usions to stimulate Trk activity (as reflected by Trk tyrosine autophosphorylation) in cortex. BDNF (0.1-12 g/d) or vehicle was chronically inf used into cortex for 24 hr before assaying Trk proteins at the BDN F inf usion site. A, Immunoblots of Trk tyrosine autophosphorylation (Trk P-tyr) and total f ull-length (gp145) TrkB protein after intracortical BDN F inf usion in intact (lef t) or PCA-lesioned (right; 10 mg/kg, s.c., administered 1 week before starting the intracortical inf usion) animals. Top set of immunoblots, To assay the levels of Trk P-tyr, Trk family proteins were immunoprecipitated (IP) with anti-panTrk (Trk) antibody, and Western-blotted (WB) with anti-phosphotyrosine (P-tyr) antibody (4G10; Upstate Biotechnology); middle, above immunoblots were reprobed with TrkB antibody to measure total levels of catalytic (full-length; gp145) TrkB protein; bottom, to assess the levels of exogenously delivered BDN F protein, an aliquot of the same lysate (used in each case above) was Western-blotted with anti-BDN F antibody. B, Quantitation of Trk P-tyr (top; expressed as -fold induction over vehicle inf usion) and total full-length (gp145) TrkB protein (bottom; expressed as a percentage of vehicle). Open circles, Vehicle or BDN F inf usions in cortex; closed circles, homologous cortex from naive (i.e., noninfused) animals. axon terminals in cortex fails to promote their survival, neuroprotection in this experimental model may instead require elevated levels of BDN F within the 5-HT soma located in the midbrain raphe complex. However, the 1 week pretreatment with BDNF used in our protection paradigm (Fig. 1C) likely allowed sufficient time for retrograde transport of the neurotrophin to raphe 5-HT cell bodies (Koliatsos and Price, 1993; Sobreviela et al., 1996) before PCA insult. Also, in pilot experiments, we found minimal protection of cortical 5-HT axons from PCA damage when BDN F was chronically inf used near 5-HT cell bodies in the dorsal raphe (J. A. Siuciak, L. A. Mamounas, and C. A. Altar, unpublished observations) .
BDN F is retrogradely transported from 5-HT axon terminals in cortex to cell bodies located in the midbrain raphe nuclei (Sobreviela et al., 1996) , and TrkB is expressed in 5-HT neurons (Merlio et al., 1992) . In this study, the time required for intracortical BDN F inf usions to initiate local 5-HT sprouting responses (between 4 and 7 d) is consistent with a traditional retrograde signaling mechanism (C ampenot, 1994; Segal and Greenberg, 1996) being responsible for the growth and remodeling of these axons. This model predicts that BDN F infused in cortex will initiate retrograde signaling from the 5-HT terminals to their somata followed by transcriptional changes and anterograde transport of newly synthesized proteins to the 5-HT terminal branches. However, the widespread anatomical organization of the serotonergic projection to cortex and the highly localized 5-HT sprouting response (in exact register with the location of exogenous BDN F) are incongruent with the notion that a retrograde mechanism is e xclusivel y responsible for the 5-HT axonal growth in cortex. Serotonergic axons arising from 5-HT neurons in the raphe nuclei do not project to their forebrain targets in a point-to-point, precisely topographic fashion, but instead are highly branching with individual 5-HT neurons having axonal terminations in many divergent cortical target fields (Molliver, 1987) . Thus, the local application of BDNF to cortex should lead to a globalized and distributed 5-HT sprouting response in the ipsilateral cortex, if mediated entirely through retrograde means. Instead, the highly restricted pattern of 5-HT sprouting suggests that a local mode of action for BDNF is also involved in the sprouting response and may be an in vivo example of the local regulation of neurite growth observed by Campenot (1994) in compartmented sympathetic cultures. Although the molecular mechanisms for the local control of 5-HT axon growth by BDNF are not known, BDNF may induce local signaling events within the 5-HT axon terminals in cortex, thereby "tagging" (Frey and Morris, 1998) or "priming" (Gallo and Letourneau, 1998) these axons for the subsequent recruitment and reorganization of cytoskeletal proteins involved in the sprouting reaction. Or, a paracrine-like mechanism may be involved where BDNF induces the secretion of other instructive factors (e.g., cell adhesion molecules) from cortical neurons or glial cells at the BDNF infusion site which in turn interact with the regenerating 5-HT axons.
The importance of the target field in defining the spatial pattern of 5-HT axon sprouting in response to BDNF is also evident in the hippocampus. BDNF treatment encourages the regrowth of the 5-HT plexus only in those hippocampal lamina where 5-HT fibers ordinarily ramify, thereby restoring the normal pattern of 5-HT innervation in this structure. Thus, exogenous BDNF does not appear to be "chemotropic" for 5-HT neurons in the mature brain and cannot readily redirect the growth of 5-HT fibers into inappropriate termination zones. In the developing brain, BDNF administration increases the size of axonal arbors without disrupting the normal lamina-specific pattern of innervation (Cabelli et al., 1995; Inoue and Sanes, 1997) . Likewise, NGF-induced sympathetic fiber sprouting in the hippocampus exhibits a striking laminar topography (Conner and Varon, 1995) . Our data, as well, suggest that molecular cues (attractive/repulsive) in the target field, either constitutively expressed or induced by BDNF, are involved in sculpting the pattern of 5-HT axonal regrowth elicited by BDNF.
The highly localized 5-HT sprouting response is accompanied by the local activation of TrkB signaling (as reflected by Trk tyrosine autophosphorylation) with cortical BDNF infusions. The remarkably similar inverted-U-shaped dose-response profiles for BDNF to stimulate 5-HT sprouting and Trk-signaling responses suggest a physiological link between the two events. Also, a sustained elevation of the Trk signal with chronic BDNF infusion (for at least 1 week in our in vivo model) overlaps with the time required for BDNF to initiate 5-HT sprouting responses in cortex. The bulk of the Trk signal elicited by BDNF was found to originate from nonserotonergic elements at the cortical infusion site (local neurons/glia, the collective neuropil); thus, BDNF-TrkB signaling cascades occurring in the target field may create a favorable local environment for the regenerating fibers. Still, BDNF may also induce critical TrkB signaling events within the 5-HT terminals at the infusion site, although occurring below the level of detection in our experimental system. Further insight into potential BDNF-TrkB signaling events occurring in 5-HT neurons in this in vivo setting will require the development of highly sensitive in situ methods.
Interestingly, both the 5-HT sprouting and Trk-signaling responses are maximal at intermediate BDNF doses and are de- Table 1 . At the end of a 7 d intracortical infusion of BDNF (4 g/d) or vehicle in intact animals, the infused cortex was microdissected, and levels of Trk protein were assayed by immunoblotting (data shown in Fig. 10 ). TrkB mRNA was analyzed by RNAse protection assay (described in Materials and Methods) using a cDNA probe that recognizes all TrkB isoforms; a GAPDH probe was included in the same reaction mixture to assess relative levels of RNA present in each hybridization (data calculated as the ratio of TrkB to GAPDH). Values shown are means Ϯ SEM for 4 -7 rats per group. NS, Not significant at p Ͻ 0.05.
